This Page Is Inserted by IFW Operations 
and is not a part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of 
the original documents submitted by the applicant. 

Defects in the images may include (but are not limited to): 

• BLACK BORDERS 

• TEXT CUT OFF AT TOP, BOTTOM OR SIDES 

• FADED TEXT 

• ILLEGIBLE TEXT 

• SKEWED/SLANTED IMAGES 

• COLORED PHOTOS 

~BEACKDR VERY BLACK AND WHITE DARK PHOTOS 

• GRAY SCALE DOCUMENTS 

IMAGES ARE BEST AVAILABLE COPY. 



As rescanning documents will not correct images, 
please do not report the images to the 
Image Problem Mailbox. 



WORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 




PCT 

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPE RATION TREATY ^(PCT) 
I (51) International Patent Classification 6 : 



G01B 9/02 



Al 



(11) International Publication Number: 
(43) International Publication Date: 



WO 00/23764 

27 April 2000 (27.04.00) 



(21) International Application Number: PCT/US99/24185 

(22) International Filing Date: 15 October 1999 (15.10.99) 



(30) Priority Data: 
60/104,463 



16 October 1998 (16.10.98) 



US 



(71) Applicant (for all designated States except US): NEW FOCUS, 

INC. [US/US]; 2630 Walsh Avenue, Santa Clara, CA 
95051-0905 (US). 

(72) Inventor; and _ „ 
I (75) Inventor/Applicant (for US only): GREEN, Evan D. H 

[US/US]; 766 Coffeewood Court, San Jose, CA 95 120 (US). 

(74) Agent: BEYER & WEAVER, LLP; Charles C. Cary, P.O. Box 
61059, Palo Alto, CA 94306 (US). 



(81) Designated States: AE, AL, AM, AT, AU, AZ, BA. BB BG, 
{ } B R BY CA, CH, CN, CR, CU, CZ, DE, DK, DM, EE, 
ES FI GB GD, GE, GH, GM, HR, HU, ID, IL, IN, IS, JP, 
KE KG KP, KR, KZ, LC. LK, LR, LS, LT, LU, LV. MD, 
MG MK, MN, MW, MX, NO, NZ, PL, PT, RO, RU. SD, 
SE, SG, SI, SK. SL. TJ, TM, TR, TT, UA, UG. US. UZ, 
VN, YU, ZA. ZW, ARIPO patent (GH, GM, KE, LS, MW, 
SD, SL, SZ, UG, ZW), Eurasian patent (AM, AZ, BY, KG, 
KZ MD RU, TJ, TM). European patent (AT, BE, CH, CY, 
DE DK! ES. FI, FR, GB, GR, IE, IT, LU, MC, NL, PT, 
SE), OAPI patent (BF, BJ, CF. CG, CI, CM. GA, GN, GW. 
ML, MR, NE, SN, TD, TG). 



Published 

With international search report. 

Before the expiration of the time limit for amending the 
claims and to be republished in the event of the receipt of 
amendments. 



(54) Title: INTERFEROMETER FOR OPTICAL WAVELENGTH MONITORING 



120 




(57) Abstract 

Interference elements (112, 116, 122) are disclosed for measurement of wavelength in optical devices (100). They may be used 

for diJSS dicing <> f °P tical s * nal sourceS ' ^ ™* * ^ '° "* g 

variations in an optical beam (130). 



BNSDCCID: <WO 0023764A1 J_> 



FOR THE PURPOSES OF INFORMATION ONLY 



Codes used to identify States party to the PCT on the front 



AL 


Albania 


ES 


Spain 


AM 


Armenia 


FI 


Finland 


AT 


Austria 


FR 


France 


AU 


Australia 


GA 


Gabon 


AZ 


Azerbaijan 


GB 


United Kingdom 


BA 


Bosnia and Herzegovina 


GE 


Georgia 


BB 


Barbados 


GH 


Ghana 


BE 


Belgium 


GN 


Guinea 


BF 


Burkina Faso 


GR 


Greece 


BG 


Bulgaria 


HU 


Hungary 


BJ 


Benin 


IE 


Ireland 


BR 


Brazil 


IL 


Israel 


BY 


Belarus 


IS 


Iceland 


CA 


Canada 


IT 


Italy 


CF 


Central African Republic 


JP 


Japan 


CG 


Congo 


KE 


Kenya 


CH 


Switzerland 


KG 


Kyrgyzstan 


CI 


Cdte d* I voire 


KP 


Democratic People's 


CM 


Cameroon 




Republic of Korea 


CN 


China 


KR 


Republic of Korea 


cu 


Cuba 


KZ 


Kazakstan 


cz 


Czech Republic 


LC 


Saint Lucia 


DE 


Germany 


LI 


Liechtenstein 


DK 


Denmark 


LK 


Sri Lanka 


EE 


Estonia 


LR 


Liberia 



BNSDOCID: <WO 0023764A1_I_> 



tges of 


pamphlets publishing international applications under the 


LS 


Lesotho 


SI 


Slovenia 


LT 


Lithuania 


SK 


Slovakia 


LU 


Luxembourg 


SN 


Senegal 


LV 


Latvia 


sz 


Swaziland 


MC 


Monaco 


TD 


Chad 


MD 


Republic of Moldova 


TG 


Togo 


MG 


Madagascar 


TJ 


Tajikistan 


MK 


The former Yugoslav 


TM 


Turkmenistan 




Republic of Macedonia 


TR 


Turkey 


ML 


Mali 


TT 


Trinidad and Tobago 


MN 


Mongolia 


UA 


Ukraine 


MR 


Mauritania 


UG 


Uganda 


MW 


Malawi 


US 


United States of America 


MX 


Mexico 


uz 


Uzbekistan 


NE 


Niger 


VN 


Viet Nam 


NL 


Netherlands 


YU 


Yugoslavia 


NO 


Norway 


zw 


Zimbabwe 


NZ 


New Zealand 






PL 


Poland 






PT 


Portugal 






RO 


Romania 






RU 


Russian Federation 






SD 


Sudan 






SE 


Sweden 






SG 


Singapore 







PCT/OS99/24185 

WO 00/23764 

INTERFEROMETER FOR OPTICAL WAVELENGTH MONITORING 



5 r-npyPTr.TTT NOTICE 

A portion of the disclosure of this patent document contains material which is 
subject to copyright protection. The copyright owner has no objection to the facsimile 
reproduction by anyone of the patent document or the patent disclosure as it appears 
in the Patent and Trademark Office patent file or records, but otherwise reserves all 
10 copyright rights whatsoever. 

i^H^.RnTTNn OF THE INVENTION 

1. Field of the Invention 

The present invention relates to wavelength monitoring devices for 
15 measurement, control, or locking of optical signal generators and related components. 



2. Description of the Related Art 

Optical wavelength monitors are needed in a wide range of applications 
ranging from telecommunications to test and measurement. Optical wavelength 
20 monitors perform a wide range of functions. In the laboratory or during assembly of 
optical components they may include both measurement and display capability. In 
telecommunications applications they may be part of a closed loop control circuit for 
locking or tuning an optical signal source and related components. Typically such 
systems are expensive, and may additionally have a large form factor. Their accuracy 
25 may be affected by power fluctuations and noise levels in the optical beam. 

What is needed is an optical wavelength monitor with small form factor, low 
cost, and tolerance for the power fluctuations and noise levels typically associated 
with optical signal generators. 
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STTTVfM ARY OF THE INVENTION 

Interference elements are disclosed for measurement of wavelength in optical 
devices. They may be used for display, monitoring, control or locking of optical 
5 signal sources. They may be used to determine relative and absolute wavelength 
variations in an optical beam. 

In an embodiment of the invention an apparatus for monitoring wavelength in 
an optical beam generated by an optical source is disclosed. The optical source 
includes: an interference element, detectors, and logic. The interference element is 

1 0 positioned in the path of the optical beam to generate a periodic fringe pattern. The 
detectors are located within the generally periodic fringe pattern to generate signals 
corresponding to the intensities of the fringe pattern at a plurality of locations. The 
logic is coupled to the detectors for [iteratively] sampling two selected pairs of the 
signals generated by the detectors, for determining a ratio of the differences of the two 

15 selected pairs of the signals, and for comparing a current ratio with a prior ratio to 
detect a variation in the wavelength of the optical beam generated by the optical 
source. 

In an embodiment of the invention the apparatus for monitoring wavelength 
includes: an interference element, detectors and logic. The interference element is 

20 positioned in the path of the optical beam to generate a generally periodic fringe 
pattern. The detectors are located within the generally periodic fringe pattern to 
generate signals corresponding to the intensities of the fringe pattern at a plurality of 
locations. The logic is coupled to the detectors for sampling two selected pairs of the 
signals generated by the detectors, for determining a ratio of the differences of the two 

25 selected pairs of the signals, and for calculating the wavelength of the optical beam 
based on parameters which correlate the ratio with wavelength. 

In an embodiment of the invention the apparatus for monitoring wavelength in 
an optical beam comprises: a beam splitter, a stationary reflector; a movable reflector; 
a detector; and logic. The beam splitter is positioned in the path of the optical beam 
30 to split the optical beam into a first and a second beam. The stationary reflector is 
positioned in an optical path of the second beam. The movable reflector oscillates 
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over a ! 



known distance along an optical path of the first beam to vary an optical path 
length of the first beam. The detector detects interference fringes generated by a 
combination of a portion of the first beam reflected by the movable reflector and a 
portion of the second beam reflected by the stationary reflector, and generates an AC 
gnal corresponding thereto. The logic samples the AC signal and determines at least 
of a relative wavelength and an absolute wavelength of the optical beam based on 
the AC signal and the known distance of the reflector. 



SI] 

one 



In another embodiment of the invention the apparatus for measuring 
wavelength in an optical beam comprises: 

means for generating a generally periodic fringe pattern of the optical beam; 

means for generating signals corresponding to intensities of the generally 
periodic fringe pattern at a plurality of locations; and 

logic coupled to the means for generating for sampling two selected pairs of 
the signals, for determining a ratio of the differences of the two selected pairs of the 
signals, and for comparing a current ratio with a prior ratio to detect a variation in the 
wavelength of the optical beam generated by the optical source. 

In still another embodiment of the invention the apparatus for monitoring^ 
wavelength in an optical beam includes: 

means for splitting optical beam into a first and a second beam; 
20 means for reflecting the second beam; 

means for varying an optical path length of the first beam by a known 
distance; 

means for detecting interference fringes generated by a combination of a 
portion of the first beam reflected by the means for varying and a portion of the 
25 second beam reflected by the means for reflecting, and to generate an AC signal 
corresponding thereto; and 
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means for sampling the AC signal and determining at least one of a relative 
wavelength and an absolute wavelength of the optical beam based on the AC signal 
and the known distance of the means for varying the optical path length. 

In another embodiment of the invention a method for monitoring a wavelength 
5 in an optical beam is disclosed. The method comprises the acts of; 

generating a generally periodic fringe pattern of the optical beam; 

generate signals corresponding to the intensities of the fringe pattern at a 
plurality of locations; 

sampling two selected pairs of the signals generated in the act of generating 

10 signals; 

determining a ratio of the differences of the two selected pairs of the signals; 

comparing a current ratio with a prior ratio to detect a variation in the 
wavelength of the optical beam generated by the optical source. 

In another embodiment of the invention the method for monitoring comprises 

15 the acts of: 

splitting optical beam into a first and a second beam; 

varying an optical path length of the first beam by a known distance; 

detecting interference fringes generated by a combination of a portion of the 
first beam and the second beam; 

20 generating an AC signal corresponding to a level of the interference fringes 

detected in the act of detecting; 

sampling the AC signal; and 

determining at least one of a relative wavelength and an absolute wavelength 
of the optical beam based on the sampling of the AC signal in the sampling act and 
25 the known distance of the optical path length in the varying act. 
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Other aspects and advantages of the invention will become apparent from the 
following detailed description, taken in conjunction with the accompanying drawings, 
illustrating by way of example the principles of the invention. 



5 p^tttf nrsrRTPTlON OF THF T>R A WINGS 

The present invention will be readily understood by the following detailed 
description in conjunction with the accompanying drawings, wherein like reference 
numerals designate like structural elements, and in which: 

FIG. 1 is a hardware block diagram of an optical system utilizing a scanning 
1 0 interferometer for wavelength measurement. 

FIG. 2 is a detailed diagram of the micro-positionable semiconductor chip 120 
shown in FIG. 1 

FIG. 3 shows an alternate embodiment of the invention in which the scanning 
interferometer as well as a semiconductor laser and optical detector are fabricated on 
15 a single semiconductor chip 300. 

FIGS. 4-5 show isometric side views of the combined scanning interferometer 
and diode laser shown in FIG. 3. 

FIGS. 6 A-B show two examples of signal intensity as a function of time as 
determined by either of detectors 108, 330 shown in, respectively, FIGS. 1, 3. 
20 FIG. 7 shows two intensity profiles 700, 702 as measured at either of detectors 

108, 330 (See FIGS. 1, 3). 

FIG. 8 shows the processes associated with wavelength determination through 
peak detection as introduced in FIGS. 6 A-B. 

FIG. 9 shows the processes associated with wavelength determination through 
25 peak detection as introduced in FIG. 7. 

FIG. 10 is a system level diagram of an alternate embodiment of the scanning 
interferometer for wavelength determination. 

FIG. 1 1 is a graph of intensity versus position for the fringe pattern. The 
fringe pattern has a spatial periodicity A 2 . 
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FIG. 12 is a graph of intensity versus position. 

FIG. 13 is a graph of both the difference Signals 1 and 2 and the signal 
corresponding to the ratio of Signals 1 and 2. 

FIG. 14 is a graph identical to that shown in FIG. 13, with the exception that 
5 the ratio signal shown in FIG. 13 

FIG. 15 is a graph identical to that shown in FIG. 13 with the addition of a 
composite arctangent signal 1500, which exhibits none of the discontinuities of the 
pure arctangent function. 

FIG. 16 is a process flow diagram showing the processes implemented by 
10 processor 1030 (See FIG. 10) for relative wavelength determination using the ratio 
signal shown in FIG. 13. 

FIG. 17 is a process flow diagram showing the processes implemented by 
processor 1030 (See FIG. 10) for relative and/or absolute wavelength determination 
using the arctangent signal shown in FIG. 14 or the composite arctangent signal 
15 shown in FIG. 15. 



pir T A TT VP DESCRI PTION OF THE INVENTION 

FIG. 1 is a hardware block diagram of an optical system utilizing a scanning 
interferometer for wavelength measurement. The interferometer may be used for the 

20 wavelength monitoring or as part of a wavelength feedback and control circuit for an 
optical signal source. The device operates by creating an output beam on which 
constructive and destructive optical interference may be detected. The optical 
interference is generated by a monochromatic beam split into a first beam traversing a 
stationary path and a second beam traversing a path of variable length. The first and 

25 second beams are then recombined to create constructive/destructive interference 

which may be measured by a detector and correlated with a processor to determine the 
output wavelength of the optical source. The maximum and minimum of the variable 
path length are precisely controlled due to use of a micro-positionable semiconductor 
retroreflector or mirror. Using the known oscillations of the retroreflector measured 

30 along the path of the second beam, the wavelength of optical signal source can be 
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precisely and repetitively determined during each oscillation of the retroreflector 
using the following equation: 
Equation 1: 

2 • Oscillation _ Distance 
# Peaks Detected 



The oscillation distance generated by the micro-positionable retroreflector 122 
is measured parallel to beam 132. The mirror movement may be linear or arcuate. 
Unlike prior art devices, no reference beam is required to determine optical 
wavelengths of the source. Additionally, because of the low mass of the 
semiconductor retroreflector, its oscillation can occur at a high frequency. This 
allows rapid repetitive sampling of the optical source. 

The system shown in FIG. 1 includes: laser 100, beam splitter 1 10, micro- 
positionable semiconductor retroreflector 120 with an oscillating retroreflector 122, 
fixed retroreflector 1 16, detector 108, processor 102, and memory 104. An output 
beam 130 from the laser 100 strikes a partially reflecting inclined surface 1 12 of the 
beam splitter. Part of the beam is reflected along path 132 and part is transmitted 
along path 134. The transmitted portion 134 passes through the partially reflective 
inclined surface striking fixed retroreflector 1 16. The stationary retroreflector reflects 
the beam back to the inclined surface where it is again reflected along path 136 where 
it strikes detector 108. A reflected portion of beam 130 passes along path 132 where 
it strikes the oscillating retroreflector 122. The retroreflector returns the beam to the 
partially reflective inclined surface, where the beam is transmitted to the detector 
along path 136 as well. Both the variable path length beam and the stationary path 
length beam share a common path 136. The beams constructively and destructively 
interfere with one another along this path. This results in variations in optical 
intensity which can be measured by detector 108. These intensity variations are 
passed to processor 102. The processor 102 is coupled to the micro-positionable 
semiconductor retroreflector 120 and may control the oscillations of the retroreflector. 
Using program code 106 stored in memory 104 (See FIGS. 8-9) the processor samples 
the intensity variations from the detector. Using the known oscillation of the micro- 
positionable retroreflector 122, the processor computes the wavelength of beam 130 
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from the laser. The processor, in an embodiment of the invention, may be coupled to 
the laser. The laser may, in this embodiment of the invention, be tuned by at least one 
of: current, temperature, or by mechanical positioning of a tuning element, e.g., 
etalon, grating, retroreflector, etc. In this embodiment the processor may implement 
5 feedback control of the output wavelength of the laser. The laser may be locked on a 
selected wavelength or maybe tuned across a wavelength range. 

FIG. 2 is a detailed diagram of the micro-positionable semiconductor chip 120 
shown in FIG. 1. The device includes: retroreflector 122, flexible support arms 204, 
support posts 202, and base 200. Electrical connections 230-232 are provided to 
10 retroreflector 122 and base 200. The retroreflector is moved by the attraction and/or 
repulsion between electrical charges on conductive surfaces of the retroreflector and 
the base. These charges are induced by the application of a voltage on signal lines 
230-232. The voltage may be imposed by processor 102 (See FIG. 1) or by an 
oscillator circuit, e.g., an L-C circuit directly coupled to the chip. Using novel control 
1 5 processes set forth in FIGS. 8-9 and the accompanying text, minute movements of the 
retroreflector are utilized to measure the wavelength of an optical source. The 
retroreflector may be completely encased within a semiconductor package by an end 
cap affixed to the base. The end cap includes an optically transparent window 222 
which allows for the transmission of an optical beam to and from the retroreflector 
20 122. An air gap 224 is defined on either side of the retroreflector within the housing 
formed by end cap 220 and base 200. Thus, the retroreflector is free to oscillate 
within the housing formed by the end cap and base. 

The micro-positionable semiconductor chip 120 may be fabricated using 
techniques well known to those skilled in the art. Anisotropic etch back may be used 
25 to define the air gaps 224 which surround the retroreflector. The retroreflector may 
include a planar surface. In an alternate embodiment of the invention the 
retroreflector may be fabricated as a comer cube, dihedral prism, etc. Silicon alone 
may provide sufficient reflectivity for the retroreflector. Alternately, where an 
increase in reflectivity is desired, the retroreflector may be fabricated from a metal 
30 layer either alone or on a semiconductor substrate. The chip may include numerous 
geometries for the retroreflector and support members, e.g., posts 202 and support 
arms 204. The retroreflector may be supported in a manner which provides for either 
linear or arcuate movement without departing from the scope of the claimed 
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invention. An arcuate embodiment of the micro-position double retroreflector is 
shown in the integrated device shown in the following FIGS. 3-5 and accompanying 
text. 

FIG. 3 shows an alternate embodiment of the invention in which the scanning 
5 interferometer as well as a semiconductor laser and optical detector are fabricated on 
a single semiconductor chip 300. Semiconductor lasers may be utilized in a wide 
range of applications including telecommunications as well as test and measurement. 
Semiconductor lasers may be tuned using an external cavity with a tuning source to 
vary the feedback wavelength to the laser. Alternately, they may be tuned by 
1 0 temperature or current. The semiconductor lasers in this latter category include lasers 
used for wavelength division multiplexed (WDM) telecommunication applications. 
In telecommunication applications, the precision with which the center wavelength of 
the laser may be controlled or locked determines the density at which optical 
multiplexing can be accomplished. In both of these applications the combined 
1 5 scanning interferometer and laser may provide a single chip solution for optical signal 
generation as well as wavelength control. 

FIG. 3 shows such a system on a single chip. A scanning interferometer, 
detector, and laser are fabricated on a single chip 300. The chip includes: 
semiconductor laser 302, reflector actuation base 304, micro-positionable reflector 
20 308, support post 306, beam splitter 310, stationary reflector 320 and detector 330. A 
processor 352 and memory 354 are also shown. In an embodiment of the invention, 
the processor and memory may be fabricated as part of the chip 300. In another 
embodiment of the invention they may be fabricated separately from the chip and 
subsequently connected to it. The processor 352 couples to the laser 302, the detector 
25 330, and the micro-positionable reflector assembly, i.e., micro-positionable reflector 
306, support post 308 and reflector actuation base 304. 

In operation, an output beam 350 from a facet of the semiconductor laser 
strikes the beam splitter 310 and is split into two beams. A first of these beams passes 
along paths L,. 2 and strikes stationary reflector 320. The stationary reflector may be 
30 fabricated from a semiconductor substrate, from a metal layer on the substrate, or 
from a metal layer alone. From the stationary reflector, the beam is reflected along 
path L 3 to the beam splitter 310, where it is again reflected along path 360 to detector 
330. 

9 
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A second portion of beam 350 is reflected along a path of variable length by 
beam splitter 3 1 0. That beam initially passes along path L 4 which contacts the micro- 
positionable reflector 308. The beam is reflected along path L 5 -6 through the beam 
splitter where it combines with the stationary path length beam along common path 
5 360 to strike the detector 330. 

The attraction and/or repulsion of electrical charges applied to the micro- 
positionable reflector 308 and the reflector actuation base 304 results in deflection of 
the micro-positionable reflector toward or away from the beam splitter. Thus, both 
the initial path U and the reflected path L 5 of the beam vary in length during 
1 0 oscillation of the micro-positionable reflector. The stationary and variable path length 
beams pass along common path 360 to the detector 330. The beams are slightly 
displaced from each other by the motion of the micro-positionable reflector, but 
substantially overlap at the detector. The detector senses variations in the intensity of 
the received beams resulting from their constructive and destructive interference. 
1 5 This interference is brought about by, as discussed above, the movement of the micro- 
positionable reflector. This movement is precisely known. It may be precisely 
controlled by the processor 352. The processor implementing program code 356 
stored in memory 354 determines the output wavelength of the laser and varies or 
locks the output wavelength of the laser 302 using any one or all of: current, 
20 temperature and/or mechanical tuning, to tune the laser 302. 

In an alternate embodiment of the invention, the detector 330 may be replaced 
by a suitable interface for coupling the beam 360 to an external detector. The 
coupling may include a fiber optic. Similarly the laser 302 may be external to the 
chip. In this embodiment the output beam would be coupled to the scanning 
25 interferometer. The coupling may include a fiber optic. 

FIGS. 4-5 show isometric side views of the combined scanning interferometer 
and diode laser shown in FIG. 3. 

FIGS. 6 A-B show two examples of signal intensity as a function of time as 
determined by either of detectors 108, 330 shown in, respectively, FIGS. 1,3. In FIG. 
30 6, scanning begins at a time to and proceeds through time t 4 . During that time interval 
the retroreflector on the scanning interferometer moves a known distance. That 
distance may be used in combination with processes shown in FIG. 8 to determine the 
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number of peaks detected to determine the output wavelength of the laser (See 
Equation 1). In FIG. 6 A, a waveform 600 of measured intensity of the combined 
stationary and variable path beams is shown. The waveform reaches a peak 602 with 
intensity Pi at time t 2 . At the end of the observation interval corresponding, for 
5 example, to limit of retroreflector travel, a partial peak 606 with intensity P 2 at time U 
is observed. 

As will be discussed in connection with the following FIG. 8, the processor 
determines the distance traveled by the micro-positionable retroreflector/reflector over 
the measurement interval between observation of the first peak and the limit, i.e., U 

1 0 minus t 2 . The distance determination may be made to a first order of accuracy by 
multiplying the total distance traveled by the retroreflector during the interval to-Uby 
the ratio M 2 i W-to- More accurate determination of the distance traveled by the micro- 
positionable retroreflector/reflector may result from either a lookup table or function 
which correlates the velocity profile of the mirror over the time between to-tj. Next, 

1 5 the processor determines the number of peaks observed during the sampling interval 
t 2 .t4 which, in this embodiment, begins with the first peak observed. This calculation 
involves a counting of the peaks, or fractional parts thereof, observed over the 
measurement interval. Each peak-valley is counted as one-half a peak, while each 
valley-valley or peak-peak is counted as one peak. Fractional parts of peaks will also 

20 be computed. Thus in FIG. 6A one-half peak is observed from peak 602 to valley 604 
and a fractional peak is observed between valley 604 and partial peak 606. The 
magnitude of the fractional peak is calculated by Equation 2. 

Equation 2: 



Cos 



fraction = ^— ^ if intensity P is decreasing at t A or 

n 

25 fraction = ! ■ if intensity P is increasing at r 4 

n 
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For the sake of example, if the ratio of (P 2 /Pi) is 0.8 and/> is increasing at time 
the number of peaks observed in the example shown in FIG. 6A is 1/2 + Sin" 
\0.S)/n s 0.8. This number along with the computed distance traveled is substituted 
into Equation 1 to generate a solution for the absolute wavelength of the laser beam 
5 during the sampling interval. 

In FIG. 6B a waveform 620 with a different periodicity than that of FIG. 6A is 
shown. The sampling interval again begins at time to. Not until time t, is a peak 622 
with an intensity level P, observed. During the measurement interval t,.U the number 
of peaks observed is: one-half between peak 622 and valley 624; one from valley 624 
10 to valley 628; and Sm\?y/Px)/n from valley 628 to partial peak 630. 

The processor implementing processes discussed partially above, and in detail 
in the following FIG. 8, can determine the output wavelength of the laser using the 
number of peaks measured and the distance traveled in Equation 1. 

FIG. 7 shows two intensity profiles 700-702 as measured at either of detectors 
15 1 08, 330 (See FIGS. 1 , 3). Only partial peak measurement is required to determine 
the laser output wavelengths which correspond with the interference intensity profiles 
700-702. Unlike the embodiment shown in FIGS. 6A-B and FIG. 8, it is not 
necessary to wait during the observation interval until the first peak is detected. 
Instead, measurement begins at a fixed point along the oscillation path of the micro- 
20 positionable retrorefiector/reflector. That point is the point at which optical path 
lengths D, and D 2 for the split beams 132-134 (See FIG. 1) are equal. This unique 
geometry assures that for any measured wavelengths there will be a peak intensity 
resulting from constructive interference of the combination of the split beams at the 
input to the detector within the observation interval and at the onset of the sampling 
25 interval. Since the peak power, e.g., P i is known, and measured at the start of the 
sampling interval, the number of peaks generated over the sampling interval is 
uniquely related to the ratio of the intensity observed at the end of the sampling 
interval divided by the intensity at the onset of the sampling interval, as governed by 
Equation 2. This fractional number may be substituted into Equation 1 along with the 
30 known distance traveled by the retroreflector during the sampling interval to solve for 
output wavelength of the laser during the sampling interval. 
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In FIG. 7 the observation interval is initiated by the processor at time to. At 
time t,, the optical path lengths of the split beams are equal and the sampling interval 
begins. At the start of the sampling interval t,, the constructive interference of the 
split beams is at a maximum intensity Pi, well above any noise level associated with 
the optical beam. At the end of the sampling interval t 2 , waveform 700 has a final 
power level P 3 . The number of partial peaks observed is P 3 /Pi- 



In 



At the end of the sampling interval t 2 , waveform 702 has a final power level 
P 2 . The number of partial peaks observed is P2/P1. 

(P\ 

10 Cos" 1 -2- In 

In an alternate embodiment of the invention in which locking of the laser at a 
specific wavelength is desired, the above-mentioned requirement as to equality of 
optical path length may be less restrictive. In this case, the requirement need only be 
that the optical path lengths Dl, D2 be equivalent to integer half wavelength multiples 
15 of the center wavelength at which locking is to occur. 

In another alternative embodiment of the invention, computational techniques 
such as look-up tables or signal pattern matching may be employed to determine the 
fractional peak count. 

FIG. 8 shows the processes associated with wavelength determination through 
20 peak detection as introduced in FIGS. 6 A-B. Processing begins at start block 800. In 
start block 800, parameters which correlate the distance traveled by the retroreflector 
as a function of time are uploaded by the processor. Next, control is passed to 
decision block 802. In decision block 802 a determination is made as to when the 
next observation interval will be initiated. When the observation interval begins, 
25 control is passed to process 804. In process 804 the retroreflector movement is 
initiated, thereby varying the optical path length of one of the split beams with a 
resultant constructive and destructive interference patterns measured by the detector. 
Control is then passed to decision process 806. In decision process 806 the processor 
and detector in combination determine when an intensity peak resulting from the 
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constructive interference of the variable and stationary path length beams is 
experienced. When such a peak is detected, the sampling interval begins and control 
is passed to process 808. In process 808 the amplitude of the intensity profile is 
measured by the detector and processor. Control is passed to process 810. In process 
5 810 counting and cumulating of peak count is initiated. This involves, as discussed 
above, each peak-valley and valley-peak transition being accorded a value of one- 
half. Control is then passed to decision process 812 in which a determination is made 
as to whether the sampling interval, e.g., the limit of retroreflector travel has ended. 
Control is then passed to process 814. In process 814 the final measured intensity at 
10 the end of the sampling interval is determined. Control is then passed to process 816. 
In process 816 a fractional peak magnitude is computed using the ratio of the 
measured intensity at the end of the sampling interval and the peak intensity measured 
in process 808. Control is then passed to process 818. In process 818 the fractional 
peak computed in process 816 is added to the cumulative peak count computed in 
15 process 810. Control is then passed to process 820. In process 820 a wavelength of 
the optical source during the sampling interval is computed by substituting the total 
peak count and the computed distance traveled by the retroreflector into Equation 1. 
The computation of distance traveled by the retroreflector is a two step process. First, 
the sampling interval is computed either independently or as a fractional part of the 
20 observation interval. Then using the parameters uploaded in start process 800, the 
distance traveled by the retroreflector during the sampling interval is computed. 
Control is then passed to process 822. In process 822 the computed wavelength is 
displayed or utilized for wavelength locking and/or control in feedback processes well 
known to those skilled in the art. Control than returns to decision process 802 for 
25 detection of the onset of the next sampling interval. 

In an alternative embodiment of the invention, fractional peaks are determined 
at both the start and end of the range of motion of the micro-positionable 
retroreflector/reflector. 

In an alternate embodiment of the invention, the sampling interval begins at 
30 ascertainable intensity levels other than peak levels, e.g., valleys. Some accuracy may 
be sacrificed in doing so since valley detection accuracy will be influenced by 
background noise levels of the laser and associated circuitry. In an alternate 
embodiment of the invention the processor controls the retroreflector directly by the 
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application of control signals. In still another embodiment of the invention the 
retroreflector is independently controlled by, for example, an L-C circuit. In such an 
embodiment, the processor determines the onset of the sampling interval and the end 
of the sampling interval by synchronizing its processes with the oscillations of the 
5 retroreflector. 

FIG. 9 shows the processes associated with wavelength determination through 
peak detection as introduced in FIG. 7. Processing begins at start block 900. In start 
block 900, parameters which correlate the distance traveled by the retroreflector as a 
function of time are uploaded by the processor. Next, control is passed to decision 
1 0 block 902. In decision block 902 a determination is made as to when the next 

observation interval will be initiated. When the observation interval begins, control is 
passed to process 904. In process 904 the retroreflector, e.g., mirror movement is 
initiated thereby varying the optical path length of one of the split beams with a 
resultant variation in the interference pattern detected by the detector. Control is then 
1 5 passed to decision process 906. In decision process 906 the processor determines the 
onset of the sampling interval. The onset of the sampling interval corresponds, as 
discussed above in connection with FIG. 7, to the point at which the split path lengths 
are equal, or in the case of wavelength locking applications, equal to integral half 
wavelength multiples of one another. The determination may be made using a known 
20 time during the measurement interval at which the path lengths are equal. - 
Alternately, a known activation signal level applied to the retroreflector may be 
utilized to signal the time at which optical path lengths on the split beams are equal. 
Control is then passed to process 908. In process 908 the amplitude of the intensity 
profile is measured by the detector and processor. Control is passed to process 910. 
25 In decision process 910a determination is made as to whether the sampling interval, 
e.g., the limit of retroreflector travel has ended. Control is then passed to process 912. 
In process 912 the final measured intensity at the end of the sampling interval is 
determined. Control is then passed to process 914. In process 914 a fractional peak 
magnitude is computed using the ratio of the measured intensity at the end of the 
30 sampling interval to the peak intensity measured in process 908 to compute the 

fractional peak number as indicated in Equation 2. Control is then passed to process 
916. In process 916 the fractional peak computed in process 914 is used to compute 
the optical wavelength of the optical source during the sampling interval. This 
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wavelength is computed by substituting the fractional peak count and the computed 
distance traveled by the retroreflector into Equation 1 . The computation of distance 
traveled by the retroreflector may be a two step process. First, the sampling interval 
is computed either independently or as a fractional part of the observation interval. 

5 Then, using the parameters uploaded in start process 900, the distance traveled by the 
retroreflector during the sampling interval is computed. This distance need only be 
computed once since, unlike the embodiment shown in FIG. 8, the distance traveled 
by the retroreflector is constant. Control is then passed to process 918. In process 
91 8 the computed wavelength is displayed or utilized for wavelength locking and/or 

1 0 control in feedback processes well known to those skilled in the art. Control then 
returns to decision process 902 for detection of the onset of the next sampling 
interval. 

In an alternate embodiment of the invention the processor controls the 
retroreflector directly by the application of control signals. In still another 
1 5 embodiment of the invention the retroreflector is independently controlled by, for 
example, an R/L-C circuit. In such an embodiment, the processor determines the 
onset of the sampling interval and the end of the sampling interval by synchronizing 
its processes with the oscillations of the retroreflector. 

FIG. 10 is a system level diagram of an alternate embodiment of the scanning 
20 interferometer for wavelength determination. It also may be used for optical signal 
measurement or for tuning or locking an optical signal source. This device differs 
from the device shown in FIGS. 1-9 in several respects. First, a stationary 
interference element is utilized to generate an interference pattern, a.k.a., a fringe 
pattern. This effect is achieved by multiple surfaces of the interference element which 
25 reflect incident radiation. The interference element may be fabricated from an 

optically transparent material in which the front and back surfaces act as the multiple 
reflectors. The surfaces of the interference element may optionally be coated to 
increase or decrease their reflectivity. The interference element may optionally be 
fabricated with an air-spaced gap between two partially reflective surfaces. As the 
30 wavelength of the incident radiation varies, a corresponding movement of the fringe 
pattern generated by the interference element is exhibited as the two reflected beams 
travel different distances to reach a particular location on the detector surface. 
Detectors positioned within the fringe pattern are utilized in combination with the 
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processor to generate signals proportional to the slope of the fringe pattern intensity 
with respect to distance along the fringe pattern at two distinct locations. The 
positioning of the detectors will be discussed further in the following FIGS. 13-16. 
Generally, the detectors are positioned so that the signals from the detectors, in 
5 combination with the processor, exhibit a phase shift with respect to one another. 
This indicates that the detectors are sampling the fringe pattern at distinct locations 
within the fringe pattern and with the result that the two signals do not simultaneously 
hold the same value for all wavelengths. The preferred phase shift is approximately 
90 degrees, in which case, one slope signal is at zero when the other is at either its 
1 0 positive or negative extreme. When combined with the novel processes disclosed in 
FIGS. 17 and 18, the scanning interferometer and processes operate independently of 
power variations in the laser beam. This is significant, since substantially all methods 
for tuning a laser including: a current, temperature, and mechanical tuning induce 
wavelength dependent power variations in the output beam, and also power 
1 5 fluctuations in a laser output are inevitable. 

FIG. 10 shows a laser coupled to a scanning interferometer for measurement 
or control of the output wavelength of the laser. The system includes: an optical 
signal source 1000, e.g., laser; an interference element 1006, e.g., etalon; a detector 
1020, a processor 1030 and memory 1034. Also shown is a separate wavelength 
20 meter or detector which may be used in an embodiment of the invention for the 

programming of the system to determine absolute wavelengths of the output beam 
1004 from the laser 1000. The interference element 1006 is positioned in the path of 
, the output beam 1004 at an angle to the optical path of the beam. A first portion of 
the beam is reflected off the front surface 1010 of the interference element along 
25 optical path 1012 toward detector 1020. A second portion of the beam is transmitted 
through the front surface of the interference element and is reflected off the back 
surface 1008 of that element along an optical path 1014 toward the detector 1020. 
Because the path length traveled by the two reflected beams to a given point in space 
are different, the two reflected beams constructively and destructively interfere across 
30 the surface of the detector 1020. A plurality of detectors 1022-1 026 are positioned on 
the detector surface within an overlapping region of the reflected and refracted beams. 
They are positioned to measure the slope of the fringe pattern produced by the 
constructive and destructive interference of the reflected and refractive beam at two 
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distinct locations. The detectors, in combination with processor 1030 in which they 
are coupled, generate a first and second signal phase shifted with respect to one 
another. The signals correlate with two distinct slopes of the fringe pattern. A phase 
shift of approximately 90 degrees between the two signals is preferred. 
5 Utilizing program code 1032 stored in memory 1034, the processor 1030 

makes relative and/or absolute wavelength determinations. These may be displayed 
or utilized as part of a control circuit for locking and/or sweeping the optical signal 
generator. The processor 1030 is coupled to the optical signal generator 1000, in an 
embodiment of the invention, in which closed loop control of output wavelength is 
10 implemented. In that embodiment of the invention, the CPU, using wavelength 

determination provided by the scanning interferometer, tunes the laser using either 
mechanical tuning, current tuning, or temperature tuning. In still another embodiment 
of the invention, the processor receives input directly from a wavelength meter during 
assembly or on start-up to correlate specific ratios of the first and second signals with 
15 an output wavelength of the laser. 

In still another embodiment of the invention, the output wavelength of the 
laser is determined by precise fabrication and positioning of all elements of the 
system including laser, interference element and photodetectors so as to obviate the 
use of wavelength meter 1040 for initial device calibration. 
20 In still another embodiment of the invention, the output wavelength of the 

laser may be determined in an absolute sense by techniques set forth in the following 
discussion that sets forth the parameters required to mathematically correlate the 
conversion of signals 1-2 to an absolute wavelength determination. In the example 
shown, the signals correspond to two slopes of the fringe pattern generated from 
25 locations which are separated by a distance of one-fourth the periodicity interval of 
the fringe pattern, although modifications to the equations will allow accurate 
wavelength determination even if the phase separation is significantly different. 

The signals as a function of wavelength look like: 
Signal_l = K -sin(^ 2 '^' A j ; and 

30 Signal_2 = K- cos^ — - — J 
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where K is proportional to the incident optical power, X is the wavelength of concern, 
and A is the periodicity of the detected signal in wavelength, which is governed by the 
etalon thickness and incidence angle between optical beam and the etalon. 
Wavelength can be determined from the following Equation 3: 

Equation 3 



4£) 



•Tan 



J Signal _1 
I Signal _2 



• «A 



which removes the dependence of wavelength on K by taking the ratio of two distinct 
slope samples. Here n is an integer indicating that the wavelength may be any 
multiple of the fixed periodicity of the measurement device. Changes in wavelength 

10 can be determined from Signals 1 and 2 simply by taking their ratio. Additionally, 
where the inverse tangent is taken, a linear correspondence may be established 
between Signals 1 and 2 and the output wavelength of the laser. Where the 
periodicity A for the device is known, a properly scaled linear relation may be 
established between Signals 1 and 2 and the output wavelength of the laser. Because 

1 5 the inverse tangent in Equation 3 has a singularity when Signal_2 reaches zero, the 
processing may be further modified to avoid a divide by zero. The following 
Equation 4 provides such a solution. 

Equation 4 

X = (JL.) .Tan 1 \ Si 8" al - 1 ) +„ A if SignalJ > Signal_2 
\2-x) [Signal _2) 

20 

X = f JL| .Cot' ( Si ^ al - 2 ) +«A if Signal_2 > Signal_l 
\2-x) [Signal _\ ) 

In still another embodiment of the invention, absolute wavelength, as opposed 
to relative wavelength, may be determined using a single entry or a lookup table 
stored in memory 1034. That entry or table correlates absolute wavelength with the 
25 magnitude and/or sign and magnitude of Signals 1 and 2, as will be discussed further 
in FIGS. 13-18. 
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In still another embodiment of the invention, the detectors 1022-1026 may be 
replaced by a suitable interface for coupling the beam 1012-1014 to an external 
detector. The coupling may include a fiber optic. Similarly the laser 1000 may be 
external to the scanning interferometer. In this embodiment the output beam would 
5 be coupled to the scanning interferometer. The coupling may include a fiber optic. 

In still another embodiment of the invention, the interfering beams may be 
derived from multiple reflections within the interference element, which both pass 
through to an alternative detector placed beyond the interference element. 

In still another embodiment of the invention, a lens may be inserted between 
10 the coupled light source and the interference element for purposes of adjusting the 
rate of divergence of the optical beam. 

FIG. 1 1 is a graph of intensity versus position for the fringe pattern. The 
fringe pattern has a spatial periodicity A 2 . To a first degree, approximation of the 
periodicity is substantially constant across a wide range of wavelengths. The 
15 variation in the fringe pattern that occurs during wavelength variations of the output 
beam is therefore primarily one of a positive/negative movement on the "x", i.e., 
distance axis. By measuring the slope of the fringe pattern at two distinct locations, 
the scanning interferometer system of the current invention is able to provide relative 
and/or absolute wavelength readouts which are accurate even during power variations 
20 of the laser beam. Since wavelength variations in optical signal generators are almost 
always accompanied by power variations, this feature of the invention is necessary in 
order to provide an effective device for test/measurement/control/locking of optical 
systems. Furthermore, the measurement of the slope of the fringe pattern at two 
distinct locations improves the accuracy of wavelength determination. 
25 In an alternate embodiment of the invention the interference element may be 

wedge shaped to reduce the form factor of the combined system. In still another 
embodiment of the invention the detector may be positioned on the opposite side of 
the interference element from the laser. In this embodiment, it is advantageous that 
both surfaces 1008-1010 of the interference element 1006 be partially reflective in 
30 order to balance the relative intensities of the internally reflected-transmitted and 
transmitted beams. 
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FIG. 12 is a graph of intensity versus position. Two separate fringe patterns 
1204-1206, with local maxima 1202, 1 100 at the same location 1200 are shown. A 
laser with a constant wavelength and a time varying output intensity might produce 
these variations in the local maxima. 
5 The detectors and associated logic of the current invention provide the same 

readout during variations in the intensity of the fringe pattern, as will be shown in this 
figure and the following FIGS. 13-15. The intensity of fringe pattern 1204 at local 
maximum 1202 is P 2 . The intensity of fringe pattern 1206 at local maxima 1 100 is P,. 
The fringe patterns are both generally sinusoidal and have the same periodicity A 2 . 
1 0 The detectors 1 022- 1 026 shown in FIG. 1 0 are superimposed on the "x" axis of the 
graph at desirable locations with respect to one another, as determined by the 
periodicity A 2 of the fringe pattern. In the embodiment shown, the three detectors are 
each separated from one another by distances equal to one-fourth of the periodicity 
A 2 . The variations in intensity between fringe pattern 1206 and 1204 result in 
1 5 different intensity measurements from detectors 1 1 24- 1 1 26. Only detector 1 122 is 
unaffected by power variations because it happens to lie at a local minima of both 
fringe patterns. Since no movement in a positive or negative "x" direction is shown 
the output wavelength of the laser is stable despite the intensity variations in the 
fringe pattern. The utility of the combined detectors and logic of the current invention 
20 is that they provide the same resultant output signal despite variations in output 

power. This result is achieved by logic which generates two signals, i.e., Signals 1 
and 2, corresponding respectively to the difference in the measured intensity at 
detectors 1 122-1 124 and 1 124-1 126. These signals individually are affected by 
power variations, but the next processing step removes this dependence. That 
25 processing step involves obtaining the ratio of the signals. The ratio of these 

differences may reliably be used for measurement, control or locking of the output 
wavelength of an optical source. 

The difference signal produced by detector pair 1 122-1 124 corresponds to the 
slopes 1228,1238 of each of fringe patterns 1204-1206. The difference signal 
30 produced by detector pair 1 124-1 126 corresponds to the slopes 1224,1234 of each of 
fringe patterns 1204-1206. Although the slopes vary with intensity, their ratio does 
not. The scanning interferometer of the current invention will give a consistent 
readout of wavelength even in the presence of power variations in the fringe pattern. 



21 



BNSDOCID: <WO_0023764A1 J_> 



WO 00/23764 PCT/US99/24185 

The dual signals and subsequent processing thereof provide additional 
advantages over prior art devices (See FIGS. 16-17). 

First, the scanning interferometer of the current invention may be used across 
any wavelength range as will be shown in the following FIGS. 13-17. This results in 
5 part from the fact that as opposed to single or dual sensor devices, the current device 
may be uniformly sensitive across a wide wavelength range. Prior art devices which 
use one or two sensors can only be used for wavelength locking since they do not 
provide uniform feedback signals over a wide tuning range, i.e., the sensitivity of one 
or two sensor devices vary substantially across the peaks and valleys of a fringe 
10 pattern. 

Second, in the embodiment of the current invention shown in FIGS. 14-16 and 
17, the feedback signal is linear across a broad wavelength range. Prior art devices do 
not exhibit such linearity of feedback. 

Third, single or dual sensor arrays provide little precision in wavelength 
1 5 control when they happen at the wavelength of interest to fall under a peak or valley 
of fringe pattern intensity. In these locations, the sensor will be largely insensitive to 
wavelength variations since the slope at a fringe peak/valley is zero. In the current 
device, the detectors may be positioned less precisely with respect to the fringe 
pattern than is the case with single or dual sensors. In the current device the 
20 insensitivity of one detector pair positioned on or around a peak or valley in the fringe 
pattern at a given wavelength is offset by the increased wavelength sensitivity of the 
other detector pair which is then positioned on a high slope portion of the fringe 
pattern. 

FIG. 13 is a graph of both the difference Signals 1 and 2 and the signal 
25 corresponding to the ratio of Signals 1 and 2. The "x" axis of the graph shows the 
periodicity of the difference and ratio signals. The scale of the "x" axis is 
proportional to the wavelength by the relation 6=360*?JA. The first "y" axis shows 
the magnitude of Signals 1 and 2. The second "y" axis shows the magnitude of the 
ratio signal. Signals 1 and 2 correspond to the difference in fringe intensity measured 
30 by detector pairs 1 122-1 124 and 1 124-1 126, respectively. Signal 1 is shown in dotted 
line while Signal 2 is shown in solid. The signals are sinusoidal with a phase shift of 
approximately 90 degrees. Positioning of the detectors determines the phase shift 
between the signals, with 90 being a preferred phase. At this phase shift, both 
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precision and insensitivity to noise are maximized. Other phase shifts in Signals 1 
and 2 are acceptable to the extent that Signals 1 and 2 are not identical. 

The ratio signal corresponds to a tangent function which is infinite-valued at 
odd integer multiples of 90 degrees at which Signal 2 is 0. Nevertheless, the ratio 
5 signal exhibits complete independence from power fluctuations in Signals 1 and 2. In 
the example shown, both signals 1 and 2 exhibit a doubling in amplitude over the 
interval from 0° to 90°, yet the ratio signal variously referenced as 1320, 1324, 1328 
does not vary with these fluctuations in amplitude. Where it is not infinite-valued, the 
ratio signal varies monotonically with wavelength variations in the output beam of the 
1 0 laser. Although it is not linearly related to wavelength variations across a wide range, 
nevertheless it may be used to indicate a change in wavelength, or as part of a 
wavelength control or locking circuit for an optical source. 

FIG. 14 is a graph identical to that shown in FIG. 13, with the exception that 
the ratio signal shown in FIG. 13 has been replaced with its arctangent. This 
1 5 additional process has the benefit of linearizing the ratio signal. The arctangent signal 
exhibits linear regions 1400, 1410, 1420 for angles between -90° to 90°, 90° to 270°, 
and 270° to 90°, respectively. Discontinuities occur, as in the ratio signal at odd 
integer multiples of 90°. The arctangent signal varies directly or inversely with 
wavelength variations in the output beam of the laser. Because it is linearly correlated 
20 with wavelength variations in the laser output beam, the arctangent of the ratio signal 
may be used across a wide range of wavelengths for both relative and absolute 
wavelength control for an optical source. Other trigonometric functions, e.g., the 
cotangent function, may be substituted for the arctangent function without departing 
from the scope of the invention. In a different embodiment of the invention, the ratio 
25 can be used as an index into a lookup table of wavelength values stored in memory 
1034 by pre-calculating or measuring the relationship between wavelength and ratio 
during device calibration. 

FIG. 15 is a graph identical to that shown in FIG. 13 with the addition of a 
composite arctangent signal 1500, which exhibits none of the discontinuities of the 
30 pure arctangent function. This composite signal is produced by processes set forth in 
this and the following FIG. 17, which involve the following steps. First, logic is 
provided for detecting discontinuities in the arctangent function resulting from the 
zero crossing of whichever signal is in the denominator. The divide by zero is 
avoided. Second, a determination is made as to whether the next measured arctangent 
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crosses a boundary, e.g., odd integer multiples of 90° . When a boundary is crossed in 
one direction, the arctangent values for the next segment are increased by 180° and so 
on for each segment, thereby removing the discontinuity and producing the composite 
arctangent signal. This stacking is represented on the graph by the addition of 1 80° 
5 linear segment 1410 of the arctangent function between 90° and 270° and the addition 
of 180° multiplied by two, or 360° to the next segment 1420. The processes discussed 
above are a variant of the quadrant-sensitive form of the arctangent function which 
observes the relative magnitudes of the two signals making up the ratio and does not 
necessitate processor functions which observe for boundary crossings. In an alternate 
1 0 embodiment of the invention, these processes may be utilized to avoid discontinuities. 

Because it is linearly correlated with wavelength variations of the laser output 
beam, and because it does not exhibit discontinuities, the composite arctangent signal 
may be used across a wide range of wavelengths for both relative and absolute 
wavelength control for an optical source. Other trigonometric functions, e.g., the 
1 5 cotangent function, may be substituted for the arctangent function without departing 
from the scope of the invention. FIGS. 16 -17 are process flow diagrams showing 
iterative processes for determining wavelength variations either in relative or absolute 
terms. In another embodiment of the invention absolute wavelength determination 
may be made using either a lookup table programmed with parameters derived during 
20 the design or assembly of the device. Where precise fabrication of the device is 
possible, the parameters set forth in the above mentioned Equation 3 will be 
ascertainable. In that event each signal ratio or angle can be correlated to an absolute 
output wavelength of the optical beam. Alternately, where the parameters listed in 
Equations 3 are not known, a lookup table may be generated for a specific device or 
25 for all devices of similar design features which correlates signal ratios or angles with 
an absolute wavelength of the optical beam. The lookup table may be generated using 
an external wavelength monitor temporarily coupled to the optical signal source and 
the processor to measure for each output wavelengths the corresponding ratios or 
angles and to record these in the lookup table. The processor 1030 uses these values 
30 to determine absolute wavelength. 

FIG. 16 is a process flow diagram showing the processes implemented by 
processor 1 030 (See FIG. 10) for relative wavelength determination using the ratio 
signal shown in FIG. 13. Processing begins at start block 1600 in which the system is 

initialized. Control is then passed to process 1602. In process 1602 the outputs of the 
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detectors 1 122-1 124 and 1 124-1 126 is differenced (See FIG. 12). Control is then 
passed to process 1604. In process 1 604 the ratio of the sampled differences is 
calculated. Control is then passed to process 1606. In process 1606 the ratio 
determined in the prior process is stored in a history buffer. Control is then passed to 
5 decision process 1 608. In decision process 1 608 a determination is made as to 
whether a next sampling interval is indicated. At the onset of the next sampling 
interval control is passed to process 1610. 

In process 1610 the next sampling of the detectors is conducted and their 
difference is determined. Control is then passed to process 1612. In process 1612 the 
10 ratio of the differences is determined. Then control is passed to process 1614. In 
process 1614 the ratio calculated in process 1612 is compared to prior ratio(s) 
calculated. Control is then passed either directly to process 1620 or to optional 
decision process 1616. 

In decision process 1616 a determination is made as to whether a 
15 discontinuity, i.e., divide by zero occurred in process 1612. Where such a condition is 
present, control is then passed to process 1618. In process 1618 the divide by zero 
situation is avoided either by substitution of a finite and small denominator or by 
discarding the calculated ratio. Any corrections to the history buffer that are required 
are made. Control is then returned to process 1620. 
20 In process 1 620 the ratio obtained in process 1 6 1 2 is placed in the history 

buffer. Control then passes to process 1622. In process 1622 an indication is made as 
to whether the current ratio represents an increase or decrease in magnitude over the 
prior ratio. Control is then passed to optional processes 1624 and 1626. In process 
1624 a correlation is developed between the sign of the ratio change indicated in 
25 process 1 622 and a corresponding sign of the wavelength variation of the output beam 
of the laser. This determination may be made utilizing parameters stored in memory 
1034. Where the scanning interferometer is used for wavelength control, the control 
loop may be used to leam the required relationship on the fly. In this embodiment of 
the invention control signals are applied to the laser to vary its wavelength in what is 
30 believed to be the appropriate direction. That decision is tentative and is analyzed on 
the next sample pass by determining the incremental change in the ratio. If the 
incremental change increases the measured error, then the sign of the control signal is 
reversed, thereby correlating the sign of the wavelength variation with the sign of the 
change in the current versus prior ratio signals. Control then passes to process 1626 
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in which the relative increase or decrease in wavelength may be utilized for locking 
the output beam of the laser on a fixed wavelength or for tuning the laser within a 
narrow range. Control then returns to decision process 1608 for the onset of the next 
sampling interval. 

5 FIG. 1 7 is a process flow diagram showing the processes implemented by 

processor 1030 (See FIG. 10) for relative and/or absolute wavelength determination 
using the arctangent signal shown in FIG. 14 or the composite arctangent signal 
shown in FIG. 15. Processing begins at start block 1700 in which the system is 
initialized. Control is then passed to process 1702. In process 1702 the outputs of the 

10 detectors 1 122-1 124 and 1 124-1 126 is differenced (See FIG. 12). Control is then 
passed to process 1704. In process 1704 the ratio of the sampled differences is 
calculated. Control is then passed process 1706. In process 1706 the arctangent of 
the ratio is computed. Then control passes to process 1708. In process 1708 the angle 
determined in the prior process is stored in a history buffer. Control is then passed to 

1 5 decision process 1 708 . 

In decision process 1710 a determination is made as to whether next sampling 
interval is indicated. At the onset of the next sampling interval control is passed 
process 1712. In process 1712 the next sampling of the detectors is conducted and 
their difference is determined. Control is then passed to process 1714. In process 
20 1 714 the ratio of the differences is determined. Control is then passed to process 

1716. In process 1716 the arctangent of the ratio is computed. Then control is passed 
to process 1718. In process 1718 the angle calculated in process 1712 is compared to 
prior angle(s) stored in the history buffer. Control is then passed either directly to 
process 1724 or to optional decision process 1720. 
25 In decision process 1720 a determination is made as to whether a 

discontinuity, i.e. divide by zero occurred in process 1714. Where such a condition is 
present control is then passed to process 1722. In process 1722 the divide by zero 
situation may be avoided using any one of a number of processing techniques. In a 
first embodiment of the invention the divide by zero is avoided by solving for the 
30 angle using the arccotangent function instead of the arctangent function. In alternate 
embodiments of the invention the divide by zero is avoided either by substitution of a 
finite and small denominator or by discarding the calculated ratio. Any corrections to 
the history buffer that are required are made. Control is then returned to process 
1724. 
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In process 1 724 the angle obtained in process 1 7 1 6 is placed in the history 
buffer. Control then passes to process 1726. In process 1726 an indication is made as 
to whether the current angle represents an increase or decrease in magnitude over the 
prior angle. Control is then passed to optional processes 1730-1736. In process 1730 
5 a correlation is developed between the sign of the angle change indicated in process 
1726 and a corresponding sign of the wavelength variation of the output beam of the 
laser. This determination may be made utilizing parameters stored in memory 1034. 
Where the scanning interferometer is used for wavelength control, the control loop 
may be used to learn the required relationship on the fly. In this embodiment of the 
10 invention control signals are applied to the laser to vary its wavelength in what is 

believed to be the appropriate direction. That decision is tentative and is analyzed on 
the next sample pass by determining the incremental change in the ratio. If the 
incremental change increases the measured error then the sign of the control signal is 
reversed, thereby correlating the sign of the wavelength variation with the sign of the 
15 change in the current versus prior ratio signals. Control then passes to decision 

process 1732 in which a determination is made as to whether to implement absolute as 
opposed to relative wavelength determination. If the decision is negative control 
passed directly to process 1736. Alternately, if the decision is to implement absolute 
wavelength determination then control is passed to process 1734. In process 1734 
20 parameters stored in memory as a single entry or set of entries and which correlate the 
measured angle determined in process 1716 with an absolute wavelength of the output - 
beam of the laser are retrieved. These parameters may have been input at time of 
assembly of the laser and scanning interferometer using the external wavelength 
meter 1040. Alternately, they may be determined based on a wavelength 
25 determination made during start up from a reference gas cell, or other wavelength 
selective reference coupled to the output beam of the laser. In an alternate 
embodiment of the invention the parameters may be a theoretical model from which 
the combined laser and interferometer is designed. In any event once the absolute 
wavelength is determined control is then passed to process 1736. In process 1736 
30 either relative or absolute wavelength may be utilized, for measurement, control, 

tuning, or locking of the output wavelength of the tunable laser, or other devices of 
which the laser and scanning interferometer are a part. Control then returns to 
decision process 1710 for the onset of the next sampling interval. 
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The many features and advantages of the present invention are apparent from 
the written description, and thus, it is intended by the appended claims to cover all 
such features and advantages of the invention. Further, since numerous modifications 
and changes will readily occur to those skilled in the art, it is not desired to limit the 
invention to the exact construction and operation as illustrated and described. Hence, 
all suitable modifications and equivalents may be resorted to as falling within the 
scope of the invention. 
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What is claimed is: 

1 An apparatus for monitoring wavelength in an optical beam generated by an 
optical source; 

5 an interference element positioned in the path of the optical beam to generate a 

generally periodic fringe pattern; 

detectors located within the generally periodic fringe pattern to generate 
signals corresponding to the intensities of the fringe pattern at a plurality of locations; 
and 

1 o logic coupled to said detectors for sampling two selected pairs of the signals 

generated by the detectors, for determining a ratio of the differences of the two 
selected pairs of the signals, and for comparing a current ratio with a prior ratio to 
detect a variation in the wavelength of the optical beam generated by the optical 
source. 

15 2. The apparatus of Claim 1, further comprising: logic for converting the ratio to 
an angle and for comparing a current angle to a prior angle to detect a variation in the 
wavelength of the optical beam generated by the optical source. 

3. The apparatus of Claim 2, wherein the logic for converting the ratio to an 
angle further comprises at least one of logic generating an arctangent of the ratio and 

20 logic for generating an arccotangent of the ratio. 

4. The apparatus of Claim 2, further comprising logic for avoiding 
discontinuities between a current angle and a prior angle. 

5 The apparatus of Claim 2, further comprising logic for removing 
discontinuities between a current angle and a prior angle by adding an integer 
25 multiple of 90° to one of the current angle and the prior angle when a discontinuity is 
detected. 

6. The apparatus of Claim 1 , further comprising: 
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control logic coupled to said logic coupled to said detectors and to the optical 
source, and said control logic for controlling the wavelength variation in the optical 
source on the basis of the comparing of the current ratio with the prior ratio. 

7. The apparatus of Claim 1 , wherein said interference element comprises at least 
5 one of an air-gap etalon and a solid etalon. 

8. The apparatus of Claim 1 , wherein said detectors include at least three 
photodetectors spaced apart from one another and wherein further said logic coupled 
to said detectors determines the ratio of the differences of the signals generated by the 
first together with the second detector and the second together with the third detector. 

10 9. The apparatus of Claim 1 , further comprising: 

a memory coupled to said logic and containing parameters correlating 
variations in the current ratio and the prior ratio with the wavelength variation in the 
optical beam . 

10. An apparatus for monitoring wavelength in an optical beam generated by an 
15 optical source; 

means for generating a generally periodic fringe pattern of the optical beam; 

means for generating signals corresponding to intensities of the generally 
periodic fringe pattern at a plurality of locations; and 

logic coupled to said means for generating and for sampling two selected pairs 
20 of the signals, for determining a ratio of the differences of the two selected pairs of 
the signals, and for comparing a current ratio with a prior ratio to detect a variation in 
the wavelength of the optical beam generated by the optical source. 

11. A method for monitoring wavelength in an optical beam generated by an 
optical source, and the method for monitoring comprising the acts of; 

25 generating a generally periodic fringe pattern of the optical beam; 

generating signals corresponding to the intensities of the fringe pattern at a 
plurality of locations; 
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iteratively sampling two selected pairs of the signals generated in said act of 
generating signals; 

determining a ratio of the differences of the two selected pairs of the signals; 

and 

5 comparing a current ratio with a prior ratio to detect a variation in the 

wavelength of the optical beam generated by the optical source. 

12. The method of Claim 1 1 , further comprising the act of: 
converting the ratio to an angle; and 

comparing a current angle to a prior angle to detect a variation in the 
10 wavelength of the optical beam generated by the optical source. 

13. The method of Claim 12, wherein the act of converting the ratio to an angle 
further comprising the act of: 

generating at least one of an arctangent of the ratio and an arccotangent of the 

ratio. 

15 14. The method of Claim 1 2, further comprising the act of: 

avoiding discontinuities between a current angle and a prior angle. 

1 5 . The method of Claim 1 2, further comprising the act of: 

removing discontinuities between a current angle and a prior angle by adding 
an integer multiple of 90° to one of the current angle and the prior angle when a 
20 discontinuity is detected. 

16. The method of Claim 10, further comprising the act of: 

controlling the wavelength variation in the optical source on the basis of the 
comparing of the current ratio with the prior ratio. 

17. An apparatus for monitoring wavelength in an optical beam generated by an 
25 optical source; 
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an interference element positioned in the path of the optical beam to generate a 
generally periodic fringe pattern; 

detectors located within the generally periodic fringe pattern to generate 
signals corresponding to the intensities of the fringe pattern at a plurality of locations; 
5 and 

logic coupled to said detectors for sampling two selected pairs of the signals 
generated by the detectors, for determining a ratio of the differences of the two 
selected pairs of the signals, and for calculating the wavelength of the optical beam 
based on parameters which correlate the ratio with wavelength. 

10 18. An apparatus for monitoring wavelength in an optical beam generated by an 
optical source, and the apparatus for monitoring comprising; 

a beam splitter positioned in the path of the optical beam to split the optical 
beam into a first and a second beam; 

a stationary reflector positioned in an optical path of the second beam; 

1 5 a movable reflector oscillating over a known distance along an optical path of 

the first beam to vary an optical path length of the first beam; 

a detector for detecting interference fringes generated by a combination of a 
portion of the first beam reflected by said movable reflector and a portion of the 
second beam reflected by said stationary reflector, and to generate an AC signal 
20 corresponding thereto; and 

logic for sampling the AC signal and detennining at least one of a relative 
wavelength and an absolute wavelength of the optical beam based on the AC signal 
and the known distance of the reflector. 

1 9. The apparatus for monitoring wavelength of Claim 1 8, wherein said movable 
25 reflector further comprises: 

a semiconductor base; and 
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a reflective element flexibly coupled to the semiconductor base and movable 
responsive to one of a voltage and a current applied between said semiconductor base 
and said reflective element. 

20. The apparatus for monitoring wavelength of Claim 1 8, wherein said logic 
5 further comprises: 

logic for detecting a distance traveled by said movable reflector after the 
detection of a peak in the AC signal. 

21. The apparatus for monitoring wavelength of Claim 18, wherein the optical 
path length of the first beam equals the optical path length of the second beam at least 

1 0 once during each oscillation of the movable reflector. 

22. An apparatus for monitoring wavelength in an optical beam generated by an 
optical source, and the apparatus for monitoring comprising; 

means for splitting optical beam into a first and a second beam; 
means for reflecting the second beam; 

1 5 means for varying an optical path length of the first beam by a known 

distance; 

means for detecting interference fringes generated by a combination of a 
portion of the first beam reflected by said means for varying and a portion of the 
second beam reflected by said means for reflecting, and to generate an AC signal 
20 corresponding thereto; and 

means for sampling the AC signal and determining at least one of a relative 
wavelength and an absolute wavelength of the optical beam based on the AC signal 
and the known distance of the means for varying the optical path length. 

23 . A method for monitoring wavelength in an optical beam generated by an 
25 optical source, and the method for monitoring comprising the acts of; 

splitting the optical beam into a first and a second beam; 

varying an optical path length of the first beam by a known distance; 
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detecting interference fringes generated by a combination of a portion of the 
first beam and the second beam; 

generating an AC signal corresponding to a level of the interference fringes 
detected in said act of detecting; 

5 sampling the AC signal; and 

determining at least one of a relative wavelength and an absolute wavelength 
of the optical beam based on the sampling of the AC signal in said sampling act and 
the known distance of the optical path length in said varying act. 

24. An integrated circuit optical signal generator defined on a semiconductor 
10 substrate, and the optical signal generator comprising: 

a laser for emitting an optical beam; 
a photo detector ; 

a beam splitter positioned in the path of the optical beam to split the optical 
beam into a first and a second beam; 

a stationary reflector positioned in an optical path of the second beam; 

a movable reflector oscillating over a known distance along an optical path of 
the first beam to vary an optical path length of the first beam; 

a detector for detecting interference fringes generated by a combination of a 
portion of the first beam reflected by said movable reflector and a portion of the 
second beam reflected by said stationary reflector, and to generate an AC signal 
corresponding thereto. 
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